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ABSTRACT 


Measurements  of  the  stagnation  temperature  field  behind  a  10 -degree  half-angle 
wedge  and  a  10-degree  half-angle  cone  have  been  made  in  the  Avco  RAD  hyper¬ 
sonic  shock  tunnel  at  Mach  16  and  stagnation  temperature  of  2400°K,  using  a 
constant  temperature  hot-wire  anemometer.  The  effect  of  Reynolds  number 
and  wall-to- stagnation  temperature  ratios  was  investigated.  Reynolds  num¬ 
bers  of  5.  7  X  lO'^/ft  and  4.  8  x  10^/ft  and  ratios  of  wall-to-stagnation  tempera¬ 
ture  of  0.0325,  0.  125,  and  0.  155  were  used.  Experimental  results  showing 
wake  centerline  stagnation  temperatures  and  some  transverse  stagnation  tem¬ 
perature  profiles  are  presented.  For  both  the  cone  and  wedge,  a  region  of 
constant  temperature  exists  for  a  distance  of  0,  3  to  0.  75  base  diameters  from 
the  model  base.  This  region  of  constant  temperature  is  then  followed  by  a  re¬ 
gion  of  increasing  temperature  typical  of  far- wakes.  For  the  models  tested, 
the  stagnation  temperature  in  the  near-wake  was  found  to  decrease  with  in¬ 
creasing  Reynolds  number  and  to  approach  a  limiting  value  as  the  ratio  of  wall- 
to-stagnation  temperature  approaches  zero.  These  limiting  values  are  a  func¬ 
tion  of  Reynolds  number.  Schlieren  photographs  show  that  the  time  for  wake 
formation  is  of  the  order  of  1  millisecond. 
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I 


X 
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base  dimension 
characteristic  length 
Mach  number 
Nusselt  number 
static  pressure 
joule  heating 

conduction  to  the  supports 

thermal  radiation 

convection  losses 

resistance 

Reynolds  number 

temperature 

local  wire  temperature 

average  wire  temperature 

Knudsen  number 

exit  conditions 

hot-wire  length 

radial  distance  measured  from  model  centerline 

distance  along  model  surface  measured  from  wedge 
vertex 

coordinate  along  wake  centerline  normal  to  base 
coordinate  normal  to  wake  centerline 
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coefficient  of  thermal  resistance 
mean  free  path 

reference  conditions 
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local  stagnation  conditions 

wall  condition 

zero  heat  transfer 
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I.  INTRODUCTION 


The  flowfield  in  the  vicinity  of  the  base  of  a  moving  body  hcis  again  become  of 
great  interest,  currently  from  the  point  of  view  of  detection,  tracking,  and 
discrimination.  Although  a  great  deal  of  literature  exists  about  the  mechanism 
of  the  near-wake  and  its  gross  properties  (references  1-10),  a  satisfactory 
theoretical  approach  for  the  determination  of  the  near-wake  profiles  (enthalpy, 
species,  etc.  )  for  general  classes  of  bodies  is  not  yet  available.  More  recent¬ 
ly,  Reeves  and  Lees^^  have  developed  a  promising  technic^ue  which,  makes  use 
of  local  similar  solutions  and  have  applied  it  to  flows  about  cylinders,  obtaining 
good  agreement  with  available  experimental  data.  Their  method  has  not  yet 
been  generalized  to  slender  bodies,  however,  although  in  principle  it  is  capa¬ 
ble  of  generating  sufficient  detail  to  enable  one  to  obtain  initial  profiles  required 
for  far-wake  studies  (see  reference  12). 

Most  experimental  investigations  have  been  restricted  to  base  pressure 
measurements,  and  only  recently  have  investigators  begun  to  probe  the  near¬ 
wake  for  details.  Conditions  of  particular  interest  generated  by  advanced 
hypersonic  vehicles  are  extremely  difficult  to  achieve.  For  example,  ratios 
of  wall-to-stagnation  enthalpy  on  the  order  of  0.  03  to  0.  12  and  Reynolds  num¬ 
bers  from  10^  to  lo”^  are  required  for  flight  simulation.  Recently,  Muntz  and 
coworkers^^*  have  carried  out  experimental  investigations  in  which  spatial 
distributions  of  density  and  stagnation  temperature  were  obtained  in  the  laminar 
wake  of  a  10-degree  half-angle  cone.  The  tests  were  performed  in  a  shock 
tunnel  using  a  free-flight  technique  at  Mach  12  and  18.  An  electron-beam  ex¬ 
citation  technique  was  used  to  measure  the  density  and  temperature.  The  data 
so  far  presented  has  been  limited  to  ratios  of  wall-to-stagnation  temperature 
greater  than  0.  2.  Additional  near-wake  experiments  have  been  performed  by 
Avco/ RAD  personnel  in  the  Jet  Propulsion  Laboratory  Mach- 6  wind  tunnel. 

The  main  contribution  has  been  careful  measurements  of  the  axial  distribution 
of  stagnation  and  static  pressure  which  show  the  existence  of  low'  subsonic 
flow  in  the  recirculating  region.  Other  recent  measurements  in  the  wake  of  a 
10-degree  half-angle  cone  in  laminar  flow  at  Mach  11.5  were  reported  by 
Cresci.  Static  and  stagnation  pressure  and  stagnation  temperature  were 
measured  in  the  region  of  x/D  of  1.  5  to  3.  3.  Centerline  pressure  measure¬ 
ments  and  Mach-number  distributions  are  presented  in  addition  to  pressure 
and  temperature  radial  distributions  at  several  values  of  x/  D.  Here  again, 
the  ratio  of  wall-to-stagnation  temperature  was  greater  than  0.  25.  However, 
a  recent  communication  with  the  author  indicated  that  the  ratio  of  wall-to- 
stagnation  temperature  has  been  lowered  and  additional  measurements  have 
been  obtained. 

Some  laminar  near-wake  temperature  measurements  were  prest'nted  earlier 
by  the  authors  in  reference  16.  In  the  present  paper,  stagnation  temperature 
measurements  in  the  laminar  W'akes  of  a  10-degree  half-angle  wedge  and  a  10- 
degree  half-angle  cone  model  were  obtained  in  a  Mach  lb  hypersonic  shock 
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tunnel  by  a  constant  temperature  hot-wire  anemometer  technique  for  a  range 
of  wall-to-stagnation  temperature  ratios  of  0.  0325  to  0.  155  and  Reynolds 
nurribers  of  5.  7  x  lO'^/ft  and  4.  8  x  10^/ft,  The  test  gas  was  air.  Schlieren 
photographs  showing  wake  formation  are  also  presented. 
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II.  EXPERIMENTAL  EQUIPMENT 


A.  SHOCK  TUNNEL 

All  measurements  were  performed  in  the  Avco/RAD  ZO-inch  hypersonic  shock 
tunnel.  The  shock  tunnel  utilizes  a  1.  5-inch  diameter  straight  double- diaphragm 
shock  tube  to  provide  a  working  gas  of  high- stagnation  enthalpy  a.nd  pressure. 
This  gas  is  expanded  from  a  0.  2-inch  diameter  throat  through  a  7-degree  half¬ 
angle  divergent  conical  nozzle  to  a  20-inch  diameter  test  section. 

A  raster  display  of  the  output  from  thin-film  platinum  gages  at  known  locations 
along  the  shock  tube  indicated  the  speed  of  the  incident  shockwave.  The  pres¬ 
sure  level  behind  the  reflected  shock  was  determined  by  a  Kistler  PZ-14  pres¬ 
sure  transducer.  In  addition,  a  direct  measurement  of  "reservoir''  tempera¬ 
ture  was  made  with  a  fast- responding  thermocouple  which  has  been  recently 
developed  at  Avco/RAD=!=.  A  typical  oscillogram  of  the  thermocouple  trace  is 
shown  in  figure  1.  These  measurements  are  sufficient  to  determine  all  other 
reflected  shock  region  conditions.  The  shock  tube  was  operated  near  tailored 
operation,  resulting  in  steady  "reservoir"  conditions  of  approximately  5  milli¬ 
seconds. 

The  free-stream  Mach  number  was  determined  by  measuring  the  total  pressure 
in  the  tunnel  test  section.  Thus,  the  flow  parameters  were  fixed  by  knowing 
the  total  pressure  and  the  shock-tube  reflected  region  conditions.  The  shock 
tunnel  was  operated  with  a  free-stream  Mach  number  of  16,  Reynolds  numbers 
of  5.  7  X  lO'^/ft  and  4.  8  x  10^/ft,  and  a  stagnation  temperature  of  2400°K  ±  50 
degrees.  A  12-inch  diameter  test  core  was  available  in  the  test  section  with 
no  significant  drop  in  total  pressure  occurring  with  distance  downstream 
(approximately  17  inches  from  the  "upstream  end"  of  the  test  section).  Test 
time  was  on  the  order  of  4  milliseconds,  with  approximately  1 -millisecond 
nozzle  starting  time.  Table  1  lists  shock  tunnel  conditions. 

TABLE  1 


TUNNEL  TEST  SECTION 


M 

T 

S-v 

A 

psi 

X 

(cml 

16.  0 

5.  7  X  10“* 

6.  25  X  10--^ 

2400 

0.  0089 

16.  0 

4.  8  X  10^ 

5.  3  X  10-^ 

_  2400 _ 

0. 000945 

•'!’()  be  fully  dc.scribcd  in  a  ftjrthcominjr  .^voo  K.AD  techiii*  al  meiuoranvlunu 
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Ficfiire  1  THERMOCOUPLE  OSCILLOGRAM  IN  REFLECTED  SHOCK  REGION 
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B.  MODELS 


A  10-degree  half-angle  wedge  with  base  height  of  1.  5  inches  was  used.  The 
wedge  was  mounted  to  span  the  12-inch  test  core.  The  wedge  was  constructed 
of  0.  125-inch  brass  plates  with  a  coolant  feed  and  exhaust  line  mounted  at  the 
edges.  Liquid  nitrogen  at  78°K  and  stream  at  373°  K  were  used  as  the  working 
fluid  to  provide  the  various  model  temperatures.  In  order  to  check  for  uni¬ 
formity  in  wall  temperature,  several  thermocouples  were  inserted  on  the  sur¬ 
face  and  base  of  the  model.  A  photograph  of  the  wedge  in  the  test  section  with 
the  hot-wire  probe  in  measuring  position  is  shown  in  figure  2. 

A  10-degree  half-angle  cone  with  a  base  diameter  of  3.  26  inches  was  also 
tested.  The  cone  was  suspended  with  several  0.  01  6-inch  diameter  wires. 

Check  runs  were  also  made  with  0.  025-inch  diameter  suspension  wires  to  see 
if  the  support  wires  disturbed  the  flowfield.  No  noticeable  effect  was  observed. 
This  type  of  suspension  coupled  with  the  fact  that  the  tunnel  static  pressure, 
even  for  the  higher  pressure  case,  is  low  (5.  3  x  10'  psi)  held  the  model 
firmly  during  the  test  time.  This  was  confirmed  by  a  comparison  of  no-flow 
and  flow  schlieren  photographs.  A  photograph  of  the  suspended  cone  with  the 
hot-\vire  probe  is  shown  in  figure  3. 

C.  HOT-WIRE  PROBE 

A  photograph  of  a  typical  hot-wire  probe  is  shown  in  figure  4.  The  sensing 
elements  were  0.  00025  and  0.  0004-inch  diameter  platinum-20-percent  iridium 
wires.  Knudsen  numbers,  based  on  the  wire  diameter  and  free- stream 
density,  varied  from  0.  93  to  14.  However,  it  must  be  pointed  out  that  Knudsen 
numbers  based  on  local  densities  in  the  wake  are  larger  by  factors  of  10  or 
more.  Two  wire  lengths  were  used,  0.  035  inch  for  the  cone  model  and  0.  08 
inch  for  the  wedge  model.  The  wires  were  attached  by  welding  to  0.  01 -inch 
diameter,  0.  150-inch  length  copper-plated  steel  pin  supports.  The  joints 
were  also  plated  in  order  to  minimize  their  electrical  resistance.  Because 
of  the  low  pressure  in  the  test  section,  wire  breakage  presented  no  problem, 
so  that  many  runs  could  be  obtained  with  the  same  wire.  All  new  wires  were 
heated  to  a  dull  glow  and  left  there  at  this  temperature  for  several  minutes  to 
eliminate  any  change  in  wire  cold  resistance  from  run  to  run. 

The  hot-wire  probe  was  made  as  small  as  possible  to  eliminate  any  probe 
interference  with  the  flowfield.  The  dimensions  of  the  probe  strut  were  0.  03  x 
0.  08  inch  and  entered  the  wake  inclined  at  an  angle.  Schlieren  photographs 
with  the  probe  at  three  locations  and  a  schlieren  photograph  without  the  probe 
in  the  wake  of  the  wedge  are  shown  in  figure  5.  Although  the  schlieren  is  not 
the  most  sensitive  technique  of  detecting  the  effects  of  probes,  it  does  give 
some  assurance  that  the  wake  structure  is  essentially  unchanged. 

•One  m.ij-  mite  th.it  the  lnmnJ.iry  l.iyer  thiiknc.ss  for  the  hi,;he.st  Reynolds  number  is  .ipprox im.ue Iv  ,in  order  ot  misnitiiJe 
i.irper  th.in  the  wire  di.imeter.  Tlii.-i  ni.iy  .iccoiint  for  the  ne,t!i,.'ible  effect  of  wire  interference. 

(  ohn  f  o.,  Mr.  VfTnt)n,  Now  Yi^rk, 
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Figure  2  EXPERIMENTAL  ARRANGEMENT  IN  THE  TEST  SECTION  OF  THE  SHOCK 
TUNNEL  SHOWING  lO-DEGREE  WEDGE  MODEL  AND  HOT-WIRE  PROBE 


66 


Figure  3  EXPERIMENTAL  ARRANGEMENT  IN  THE  TEST  SECTION  OF  THE  SHOCK 
TUNNEL  SHOWING  10-DEGREE  CONE  MODEL  AND  HOT-WIRE  PROBE 
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Figure  4  HOT-WIRE  PROBE 


Ficjure  5a  SCHLIEREN  PHOTOGRAPH  OF  THE  WAKE  OF  THE  10-DEGREE  WEDGE 
FOR  u.  ,  'FT  -  4.8  X  10^ 


Fi()urc  51)  SCHLIEREN  PHOTOGRAPH  OF  THE  WAKE  OF  THE  lO-DLGREE  WEDGE 
FORK'. /FT  4.!’.  X  105,  PROBE  AT  v/i.  0.353 


Figure  5c  SCHLIEREN  PHOTOGRAPH  OF  THE  WAKE  OF  THE  10-DEGREE  WEDGE 
FORiuv/FT  =  4.8  X  105,  PROBE  AT  x/i)=  0.667 


Figure  5(1  SCHLIEREN  PHOTOGRAPH  OF  THE  WAKE  OF  THE  10-DEGREE  WEDGE 
FOR  n.  ./FT  4.8  X  10^,  PROBE  AT  v/n  1.667 
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D.  HOT-WIRE  ANEMOMETER 


A  constant- temperature,  hot-wire  anemometer  was  used.  Measurement  of 
the  cold  and  operating  resistance  of  the  wire  could  be  made  with  an  accuracy 
of  0.  5  percent.  Response  time  of  the  hot-wire  electronics  varied  from  15  to 
100  microseconds  depending  on  the  chosen  operating  temperature.  Constant- 
temperature  operation  minimizes  the  effect  of  thermal  lag  with  the  use  of  a 
null-seeking  device.  This  is  a  loop  system  incorporating  a  bridge  circuit,  in 
which  the  hot  wire  forms  one  arm  of  the  bridge,  and  a  dc  amplifier.  Wire 
resistance,  and  hence  temperature,  is  controlled  by  the  amount  of  current 
flowing  through  the  bridge.  The  bridge  is  fed  by  an  amplifier  whose  input 
voltage  is  controlled  by  the  bridge  unbalance.  There  will  be  a  condition  of 
balance  at  which  the  bridge  deviation  is  small  because  of  the  high  loop  gain. 
Therefore,  the  instrument  will  automatically  adjust  itself  so  that  the  desired 
temperature  of  the  hot  wire  can  be  set  by  adjusting  the  resistance  of  the  varia¬ 
ble  bridge  arm. 


*  DISA  Constant-Temperature  Anemometer  5^-A-Ol. 
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III.  TEST  TECHNIQUE 


The  hot-wire  technique  used  in  the  present  investigation  requires  the  knowledge 
of  the  wire  resistance  when  the  integral  of  the  convective  heat  transfer  is  zero. 
In  order  to  ensure  this,  before  the  run  one  must  require  that  the  joulean  heat¬ 
ing  will  exactly  balance  the  heat  loss  by  conduction  to  the  supports  and  the 
thermal  radiation.  Moreover,  if  the  heat  losses  due  to  conduction  and  radia¬ 
tion  remain  a  constant  during  the  run  (4  milliseconds),  then  the  change  in  wire 
voltage  (AV)  is  solely  due  to  the  convective  heat  transfer.  Calculations  show 
for  0.  01-inch  diameter  supports  in  a  shock  tunnel  with  run  times  up  to  6  milli¬ 
seconds  and  conditions  within  the  range  of  the  present  experiment  changes  of 
less  than  1°K  will  occur  in  support  temperature.  In  addition,  changes  in  the 
local  wire  temperature  are  less  than  2  percent  of  the  average  wire  temperature. 
Thus,  if  one  interpolates  the  voltage  output  to  zero,  then  it  follows  that  the 
integrated  convective  heat  transfer  is  equal  to  zero.  From  the  wire  resistance 
at  the  point  where  W  =  0  and  the  physical  properties  of  the  wire  one  can  readily 
calculate  an  average  wire  temperature  and  show  it  to  be  equivalent  to  the  re¬ 
covery  temperature. 

The  resistance  of  the  wire  at  the  point  where  W  =  0  can  be  obtained  with  either 
a  constant  temperature  or  a  constant  current  hot  wire  by  operating  the  wire  at 
various  temperatures.  If  the  constant  temperature  method  is  used,  one  plots 
the  voltage  output  versus  operating  resistance  and  picks  off  the  resistance  at 
W' =  0.  For  the  constant  current  method,  plotting  voltage  output  versus 
operating  current  will  yield  the  current  (hence,  resistance)  at  W  =  0. 

The  difference  between  this  technique  and  the  previously  used  technique  (see 
reference  18)  is  as  follows.  In  reference  18,  the  wire  resistance  was  obtained 
at  zero-input  current  and  an  average  equilibrium  wire  temperature  was  cal¬ 
culated  from  the  wire  properties.  However,  this  average  equilibrium  wire 
temperature  is  not  equal  to  the  recovery  temperature  where  the  integrated 
convective  heat  transfer  is  equal  to  zero,  but  is  the  temperature  obtained  from 
the  balance  of  the  convection,  conduction,  and  radiation-heat  transfer.  There¬ 
fore,  the  recov(.;ry  temperature  was  determined  by  correcting  the  average 
equilibrium  wire  temperatur t.'  f<>r  the  conduction  and  radiation  losses. 

In  the  present  paper,  a  constant  temperature  hot-wire  technique  was  used.  To 
find  the  wire  resistance  where  \\’  =  0,  the  hot-wire  outputs  were  plotted 
against  operating  resistance’.  Figure  6  is  a  plot  cif  probe  outputs  for  one  loca¬ 
tion.  The  intercept  at  zero  out[)ut  with  the  resistance  a.xis  deti-rmines  the 
■'zero  heat- transfer"  ri-.si.st.i nce.  If  the  coefficient  of  thermal  resistance  is  a 
coii.stant  for  a  given  wire  in  tterial  over  the  testing  range  of  temperatures,  then 
the  .average  win-  tem[)eratu r e  i.s  given  by  the  simple  rel.ition 

•> 

H  ,  =  I  1  .  e  f  Uv  -  1^,  1  I  (1  ) 


-1  1  - 


0 

65-803 


10.0  10.5  1 1.0  11.5  12. 

OPERATING  RESISTANCE, ohms 


Figure  6  HOT-WIRE  OUTPUT  AS  A  FUNCTION  OF  OPERATING  RESISTANCE 
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Foi-  our  test  conditions  piatinum —20-percent  iridium  wire  was  found  to  exhibit 
a  constant  coefficient  of  thermal  resistance  over  a  substantial  temperature 
range.  This  coefficient  was  checked  in  a  calibration  oven.  The  resistance  of 
the  wire  was  found  to  be  linear  with  temperature  (see  figure  7),  so  that  a  con¬ 
stant  coefficient  of  thermal  resistance  could  be  used.  If  the  coefficient  of 
thermal  resistance  is  nonlinear,  however,  the  average  wire  temperature  must 
be  obtained  by  solving  the  nonlinear  differential  equation  obtained  by  requiring 
a  steady-state  energy  balance  for  an  element  of  hot  wire  which  is  losing  heat 
by  conduction  to  the  supports  and  by  thermal  radiation  as  follows: 


qj  -  qK  -  qR  '  qc  =  0 

This  results  in  the  following  differential  equation: 


(2) 


d-  T 
dz- 


-  h 


/F  T 


(3) 


?  7  2 

where  /T,  /ij“,  /!-,  are  coefficients  involving  the  coefficient  of  thermal  resistance, 
thermal  conductivity,  and  emissivity.  This  equation  can  be  solved  using  a 
standard  "predictor- corrector  method"  on  an  IBM  7094  computer.  * 


A  comparison  between  the  two  above  methods  of  determining  the  average  wire 
temperature  was  inade  for  the  platinum  -20-percent  iridium  wire  at  one  loca¬ 
tion.  The  temperature  distribution  obtained  by  solving  the  differential  equa¬ 
tion  and  the  two  values  of  average  wire  temperature  are  shown  in  figure  8.  It 
is  important  to  note  that  this  difference  in  average  wire  temperature  is  about 
8  percent.  This  is  well  within  the  uncertainties  of  knowing  exactly  the  physical 
properties  of  the  wire. 


Typical  oscillograms  of  hot-wire  outputs  at  various  operating  resistances 
(hence,  temperatures)  for  one  centerline  location  are  shown  in  figure  9-  Note 
that  as  the  temperature  of  the  wire  is  increased  the  output  drops,  changing 
sign  as  the  wire  temperature  is  made  higher  than  the  local  stagnation  tempera¬ 
ture.  It  is  interesting  also  to  note  that  the  hot-wire  output  remains  fairly  con¬ 
stant  most  of  the  test  time. 


In  order  to  show  that  the  local  stagnation  temperature  is  approximately  equal  to 
the  average  wire  temperature  when  the  integrated  convective  heat  transfer  to 
the  wire  is  zero,  one  may  note  that  in  free-molecule  flow  the  convective  heat 
transfer  is 

(d  (T^  —  Tw)  (.see  icfcrcnoi.  IK)  (4) 


*  .A  I  .ilii'f.w i'lfi  t»'i  lini'jiK'  ni.iy  .ils**  l»C'  it  •  on.litinns  t«l  intor»’st  art-  av.iilai’ii*. 


-13- 


Figure  7  RESISTANCE  RATIO  AS  A  FUNCTION  OF  TEMPERATURE  FOR 
PLATINUM-20-PERCENT  IRIDIUM  WIRE 
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TEMPERATURE 


Figure  8  TEMPERATURE  DISTRIBUTION  OF  PUTINUM-20-PERCENT  IRIDIUM 

WIRE 
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Figure  9  TYPICAL  HOT-WIRE  OSCILLOGRAMS 


In  our  case  the  integral 


(5) 


specifies  the  condition  where  "zero  heat  transfer"  resistance  is  obtained.  Then: 


(6) 


If  is  assumed  constant=!=  over  the  length  of  the  wire  (0.  035  inch  for  the  cone 
and  0.  08  inch  for  the  wedge),  then  the  recovery  temperature  is  equivalent  to 
the  average  temperature  of  the  wire 


(7) 


Free-molecule  flow  theories  and  experiments  show,  however,  that  the  re¬ 
covery  temperature  of  cylindrical  wires  depends  on  the  Knudsen  number  as 
shown  in  figure  10  (see  reference  20).  For  the  present  experimental  condi¬ 
tions,  an  approximate  correction  to  the  centerline  measured  values  can  readily 
be  made  using  a  computed  centerline  Mach  number  (from  reference  12).  This 
correction  is  shown  in  figure  11.  It  is  interesting  to  note  that  subsonic  flow 
exists  at  the  centerline  for  at  least  four  base  diameters  (which  is  beyond  the 
limits  of  present  tunnel  experiment).  Moreover,  similar  tests  conducted  in 
the  Jet  Propulsion  Laboratory  wind  tunnel  indicate  low  subsonic  flow  in  the 
recirculating  region.  Thus,  negligible  error  is  expected  in  the  recirculating 
region,  and  a  maximum  error  of  8  percent  (if  no  corrections  are  applied)  is 
expected  for  the  highest  Knudsen  number  and  the  farthest  point  on  the  center- 
line  in  the  present  tests.  For  the  transverse  profiles  without  correction,  we 
can  expect  a  maximum  of  l2-pcrcent  overestimate  of  the  actual  stagnation 
temperature  for  the  point  farthest  from  the  wake  centerline.  These  estimates 
were  made  from  computed  wake  profiles.  From  figure  10,  one  can  also  observe 

*  For  the  conical  model  this  ilict,Ucs  th<*  maximum  resolution  of  the  measurement.  However,  (or  the  wedjtc  model  the 
length  is  not  critical  because  of  the  twonlimensionality  of  the  flow. 
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Figure  10  RECOVERY  TEMPERATURE  RATIO  AS  A  FUNCTION  OF  MACH  NUMBER 


Figure  11  MACH  NUMBER  GRADIENT  IN  THE  WAKE  OF  A  10-DEGREE  HALF-ANGLE 

CONE 
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that  for  Knudsen  numbers  in  the  range  0.  05  to  0.  3  the  recovery  temperature  of 
the  wire  is  approximately  equal  to  the  stagnation  temperature  for  all  Mach 
numbers  of  interest.  The  capacity  of  the  present  hot-wire  anemometer  is 
limited  to  a  certain  resistance  range  (0-50  ohms)  and  current  range  (0-250 
milliamperes),  howeveri  so  that  limited  ranges  of  Knudsen  numbers  can  be 
obtained. 

A  crude  experimental  check  of  the  capabilities  of  the  hot  wire  to  measure  the 
local  stagnation  temperature  was  made  by  measuring  the  temperature  in  the 
reflected  region  of  a  shock  tube.  A  1.  5-inch-diameter  shock  tube  with  20  feet 
of  driven  section  and  a  3-foot  driver  was  used.  The  shock-tube  gas  tempera¬ 
ture  covered  a  large  portion  of  the  temperature  range  obtained  in  the  tunnel. 
Measured  hot-wire  temperatures  are  shown  on  the  plot  of  reflected  region 
equilibrium  temperature  for  air  as  a  function  of  shock  Mach  number  in  figure  12. 
The  hot-wire  technique  indicated  the  reflected  region  temperature^^  to  within 
10  percent.  This  agreement  is,  in  fact,  as  good  as  one  can  expect  considering 
the  uncertainty  of  the  calculation.  Thermocouple  measurements  for  the  same 
conditions  were  not  available  due  to  limited  test  time  for  these  nontailored 
conditions  (very  low-shock  Mach  numbers). 

Schlieren  photographs  of  the  wake  behind  the  wedge  have  also  been  obtained  to 
assure  flow  formation  within  the  testing  time.  Typical  schlieren  photographs 
using  a  double-pass  schlieren  system  at  3  milliseconds  into  the  flow  and  at 

=  4.  8  X  105/ft.  were  shown  in  figure  5.  Similar  schlierens  were  obtained 
down  to  1  millisecond  after  the  tunnel  started.  Additional  evidence  of  steady 
flow  after  1  millisecond  can  also  be  observed  from  the  hot-wire  traces. 
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Fiqure  12  PLOT  OF  REFLECTED  REGION  GAS  TEMPERATURE  VERSUS  SHOCK 

MACH  NUMBER 


IV.  RESULTS  AND  DISCUSSION 


In  order  to  extend  the  results  of  the  present  experiment  to  flight  and  other 
laboratory  conditions  and  to  geometrically  similar  bodies,  these  measure¬ 
ments  must  be  interpreted  in  terms  of  suitable  parameters.  In  the  literature 
on  wakes,  several  parameters  governing  the  base  flowfield  have  been  proposed 
(see  references  2,  22,  23,  24).  The  more  appealing  parameters  have  been 
based  on  shoulder  or  exit  conditions  (see  reference  24),  i.  e.  ,  based  on  the 
properties  as  the  flow  turns  parallel  to  the  model  axis,  such  as  Ma  and  Rea. 

In  addition,  for  slender  bodies  the  characteristic  length  is  taken  as  the  wetted 
distance  from  the  leading  edge.  This  length  scale,  although  deemed  reasonable 
by  the  authors,  is  by  no  means  unique.  For  example,  reference  2  has  suc¬ 
cessfully  used  the  base  diameter  as  the  characteristic  length.  In  that  case, 
however,  only  blunt  bodies  were  treated  where  the  ratio  of  L/ D  was  of  order  1. 

The  ratio  of  the  wake  centerline  temperature  to  the  free- stream  stagnation 
temperature  for  distances  from  the  wedge  base  from  0.  1  D  to  3.  5  D  is  shown 
in  figure  13  for  two  Reynolds  numbers.  The  ratio  of  wall-to-free-stream 
stagnation  temperature  is  0.  125.  It  is  interesting  to  note  that  a  substantial 
Reynolds  number  effect  exists.  In  the  recirculating  region  (extending  to 
approximately  0.  75  base  diameters)  for  Rea  =  2.  05  x  10“^  the  temperature 
approaches  a  level  between  0.  275  and  0.  29  while  for  Rea  =  1.  73  x  10^ 
the  temperature  level  is  between  0.  215  and  0.  225  Tg^,  From  the  stagna¬ 
tion  point  downstream,  one  notes  the  typical  far-wake  stagnation  temperature 
characteristics  (see  reference  12).  Note  also  that  the  Knudsen  number  based 
on  the  wire  diameter  has  a  relatively  small  effect  on  the  measured  tempera¬ 
ture,  as  was  discussed  in  the  previous  section.  This  can  be  explained  as  being 
due  to  the  low  Mach  number,  and  confirms  our  previous  discussion  on  the 
probable  error  due  to  Knudsen  number  effect. 

The  effect  of  the  wall-to-free-stream  stagnation  temperature  ratio  is  shown  in 
figures  14  and  15.  For  the  wedge,  liquid  nitrogen  under  pressure  at  78"  K 
provided  the  lower  wall  temperature.  A  drop  of  20  percent  in  temperature  in 
the  recirculating  region  is  associated  with  this  wall  temperature.  Additional 
wall-temperature  effects  on  the  temperature  of  the  recirculating  region  can  be 
seen  from  figure  16,  where  the  wedge  model  was  heated  to  373*K.  This  figure 
can  be  readily  extrapolated  to  obtain  limiting  values  of  Tj^j/T^^as  approaches 
zero.  These  values  are  a  function  of  Reynolds  number  and  are  approximately 
0.  15  and  0,  2  for  Rea  =  1.  7^  x  10®  and  2.  05  x  10“^,  respectively. 

The  ratio  of  wake  centerline  temperature  to  the  free- stream  stagnation  tem¬ 
perature  for  distances  from  the  cone  base  of  0.  1  D  to  2.  5  D  is  shown  in  figure 
17.  The  ratio  of  wall -to -stagnation  temperature  is  0.  125.  The  length  of  the 
recirculating  region  is  roughly  the  same  as  for  the  wedge.  However,  the 
temperature  level  is  definitely  higher  and  again  a  Reynolds  number  effect 
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Figure  13  CENTERLINE  TEMPERATURE  IN  THE  WAKE  OF  A  10-DEGREE  HALF¬ 
ANGLE  WEDGE  FOR  r  T  =0.125 
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Figure  14  CENTERLINE  TEMPERATURE  IN  THE  WAKE  OF  A  10-DEGREE  HALF¬ 
ANGLE  WEDGE  FOR  Rea  =  2.05  X  10'^ 


Figure  15  CENTERLINE  TEMPERATURE  IN  THE  WAKE  OF  A  10-DEGREE  HALF¬ 
ANGLE  WEDGE  FOR  Re>  =  1.73  x  10^ 
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Figure  16  WAKE -NECK  TEMPERATURE  AS  A  FUNCTION  OF  WALL  TEMPERATURE 
FOR  A  10-DEGREE  HALF-ANGLE  WEDGE 
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Figure  17  CENTERLINE  TEMPERATURE  IN  THE  WAKE  OF  A  10-DEGREE  HALF¬ 
ANGLE  CONE  FOR  T..  =  0.125 
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exists.  In  the  recirculating  region  for  Rea  =  4.  46  x  10^,  the  temperature 
level  is  between  0.  32  and  0.  33Tj^  while  for  Rea  u:  3.  76  x  105  the  tempera¬ 
ture  level  is  between  0.  23  Ts„o  and  0.  24  .  The  negligible  effect  of  Knudsen 

number  may  again  be  noted. 

Variation  of  the  base  configuration  from  an  abrupt  (flat  base)  to  a  more  gentle 
expansion  had  no  effect  on  the  temperature  level.  However,  translation  of  the 
axial  distribution  was  noted.  This  result  tends  to  confirm  the  choice  of 
shoulder  parameters. 

Transverse  temperature  profiles  in  the  wake  of  the  wedge  model  at  one  loca¬ 
tion  are  shown  in  figure  18  for  x/D  =  0.  645.  The  temperature  gradient  seems 
to  exist  well  outside  the  viscous  wake  that  one  observes  from  schlieren  photo¬ 
graphs.  The  external  gradients  in  stagnation  temperature  may  be  a  result  of 
rapid  expansion  and  compression  as  the  boundary  layer  separates  from  the 
body  and  forms  a  wake. 

Transverse  temperature  profiles  in  the  wake  of  a  cone  at  two  locations  (x/D  = 

0.  609  and  1.  75)  are  shown  in  figure  19.  One  may  note  that  these  profiles  are 
similar  to  those  observed  for  the  wedge  when  plotting  stagnation  temperature 
as  a  function  of  y/  r. 

Unfortunately  direct  comparison  with  other  available  experimental  data  for 
slender  bodies,  such  as  that  obtained  by  Muntz  and  coworkers  (references  13, 

14)  and  Cresci  (reference  15),  cannot  be  made  because  of  the  difference  in 
test  conditions,  i.  e. ,  Mach  number  and  wall-to- stagnation  temperature  ratio. 
However,  an  examination  of  their  temperature  data  shows  rough  agreement 
with  the  temperature  levels  obtained  in  the  present  investigation  and  reveals  a 
similar  Reynolds  number  and  wall-to-stagnation  temperature  dependence. 

Preliminary  stagnation  temperature  measurements  were  obtained  in  another 
Avco/RAD  shock  tunnel  at  M„  =  5.  5,  Re«,  =  8.  71  x  10^/ ft,  and  =  0.  231 

in  the  near- wake  of  a  10-degree  half-angle  wedge.  The  shock  tunnel  consists  of 
a  4-inch  diameter  shock  tube  terminated  by  a  contoured  nozzle  with  a  30-inch 
diameter  test  section.  A  25-inch  diameter  test  core  was  available  in  the  test 
section.  * 

Thin-film,  heat-transfer  gages  were  located  along  the  surface  of  the  wedge. 

The  heat- transfer  distribution  is  shown  in  figure  20.  The  data  agrees  reasonably 
well  with  the  turbulent  theoretical  prediction  of  the  flat-plate  reference  enthalpy 
method  described  in  reference  25.  Thus,  a  turbulent  boundary  layer  is  present 
for  all  locations  on  the  wedge  surface  where  heat  transfer  was  measured. 


•  A  complete  description  o(  this  facility  will  he  made  in  a  future  AvcorRAI)  Teclmic.il  Memorandum. 


-28- 


HALF-ANGLE  WEDGE  AT  «  i>  ^  0.645 
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Fiqure  19  TRANSVERSE  TEMPERATURE  PROFILE  IN  THE  WAKE  OF  A  10-DEGREE 
HALF-ANGLE  CONE  FOR  fc-a  4,45  x  lO'*,  i  i  ,  =  0.125 


TURBULENT  THEORY 
(REF  25) _ 


The  ratio  of  the  wake  centerline  temperature  to  the  freestream  stagnation 
temperature  at  several  locations  from  the  wedge  base  is  shown  in  figure  21. 
One  may  note  that  in  going  from  a  laminar  to  a  turbulent  boundary  layer  the 
stagnation  temperature  has  increased  substantially.  Additional  measurements 
are  being  made  at  other  Mach  numbersi  Reynolds  numbers,  and  wall-to- stag¬ 
nation  temperature  ratios. 
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Ficjurc  21  CENTERLINE  TEMPERATURE  IN  THE  WAKE  OF  A  10-DEGREE  HALF¬ 
ANGLE  WEDGE 


V.  CONCLUSIONS 


Temperature  measurements  using  a  constant- temperature  hot-wire  technique 
were  obtained  in  the  wakes  of  a  10-degree  half-angle  wedge  and  a  10-degree 
half-angle  cone  in  a  hypersonic  shock  tunnel  at  a  Mach  number  of  16,  stagna¬ 
tion  temperature  of  2400“ K,  two  Reynolds  numbers  of  5.  7  x  lO'^/ft  and  4.  8  x 
lO^/ft,  and  ratios  of  wall- to- stagnation  temperature  of  0.  0325,  0.  125,  and 
0.  155. 

This  investigation  has  shown  that  the  stagnation  temperature  is  influenced  sub 
stantially  by  the  Reynolds  number  and  the  wall- to- stagnation  temperature 
ratio.  For  both  bodies,  a  region  of  constant  temperature  exists  at  0.  3  D  to 
0.  75  D.  For  the  models  tested,  the  stagnation  temperature  in  the  near-wake 
was  found  to  decrease  with  increasing  Reynolds  number  and  to  approach  a 
limiting  value  as  the  ratio  of  wall -to- stag  nation  temperature  approaches  zero. 
These  limiting  values  are  a  function  of  Reynolds  number.  Changing  the  base 
configuration  from  an  abrupt  (flat  base)  to  a  more  gentle  expansion  resulted 
only  in  a  translation  of  the  axial  temperature  distribution. 

Schlieren  photographs  indicate  that  the  time  for  wake  formation  is  on  the  orde 
of  1  millisecond. 
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